[1] We study the applicability of deterministic strong ground motion simulations at very near fault distances for a subvertical strike-slip fault model corresponding to the 2004 M6 Parkfield, California, earthquake in the frequency range up to 1 Hz. Theoretical modeling under the assumptions of a planar rupture and 1-D medium shows that as a consequence of the S wave radiation pattern, the particle motion for such close stations should be almost linear in the fault-normal (FN) direction, having fault-parallel (FP) and vertical (V) components of almost zero. However, as shown on the Parkfield earthquake recordings, observed particle motions are rather circular with peak velocities at FP and V components comparable to those at FN components. We investigate several realistic features that could explain this controversy, namely, nonplanar fault, realistic three-dimensional (3-D) medium, and the topography of the area. We test and quantify these hypotheses using discrete wave number and discontinuous Galerkin modeling methods applying 1-D and 3-D velocity structures, respectively, and two nonplanar rupture models. We compare the synthetic and observed particle motions and peak velocity ratios and conclude that deviations from a planar rupture geometry in reasonable bounds for the Parkfield fault and the influence of topography only partially explain the behavior of the observed seismograms. On the contrary, the heterogeneous 3-D velocity structure significantly reduces the synthetic peak ratios to values closer to 1 and provides rather circular particle motions. Therefore, the 3-D velocity model is crucial to obtain realistic estimates of ground motions at near-fault distances and is more important than the detailed fault geometry or topography in the Parkfield area.
Introduction
[2] Studies concerned with the potential earthquake hazard and damage need realistic estimates of ground motion in a broad frequency band and in a broad range of distances at all three components. In particular, for the low-frequency band (<1 -2 Hz) very close to the earthquake rupture, deterministic models [Pitarka et al., 2000; Mai and Beroza, 2003; Hartzell et al., 2005; Gallovič and Brokešová, 2007; Wang et al., 2008] are preferable to stochastic methods [Boore, 1983] because they can capture near-fault effects. These models, being usually based on simple assumptions (planar fault, 1-D or relatively smoothly varying 3-D medium with no topography) are able to explain three component ground motions observed during real earthquakes at stations lying typically at distances larger than several kilometers from the fault. Nevertheless, as we demonstrate in this paper, problems may arise when simulating ground motions for stations lying very close to the earthquake fault. In particular, we take advantage of the well-studied 2004 M6 Parkfield, California, earthquake, which was recorded at stations lying basically above the fault rupture. On the basis of these recording, we show to what extent the deterministic methods are able to explain amplitudes at all the three ground motion components for such station locations in a low-frequency band. We discuss the ability of several modeling features to improve near-fault ground motion estimates.
[3] The earthquake of M6 struck the central coast of California at 1015:24 LT (Pacific Standard Time) (1715:24 UTC) on 28 September 2004. The hypocenter was 11 km southeast of Parkfield at a depth of approximately 8 km; the earthquake had a strike-slip mechanism on an almost vertical fault. The analysis of the aftershocks and the proposed rupture models indicate that the rupture occurred along the same section of the San Andreas fault as those of the similar magnitude Parkfield earthquake series in 1881 , 1901 , 1922 , 1934 , and 1966 [Nadeau et al., 1995 Bakun and McEvilly, 1979; Toppozada et al., 2002] . The earthquake and its rupture propagation have been studied by many authors and even led to a special issue of the Bulletin of the Seismological Society of America [Harris and Arrowsmith, 2006] , where most of the work was collected. A consensus was reached suggesting a rupture direction predominantly toward the northwest, opposite to the rupture propagation direction of the previous 1966 Parkfield earthquake. To date, the 2004 Parkfield earthquake has been a subject of a number of slip inversion studies using various kinds of data [Hartzell et al., 2007; Liu et al., 2006; Dreger et al., 2005; Kim and Dreger, 2008] .
[4] In particular, Liu et al. [2006] performed a slip inversion using strong motion data in the frequency band 0.16 -1 Hz assuming a planar fault geometry and two different one-dimensional (1-D) velocity models separated by the fault plane to take into account different crustal properties northeast (NE) and southwest (SW) of the fault. This slip inversion suggested two main asperities located northwest (NW) and southeast (SE) of the epicenter. However, in their inversion, Liu et al. [2006] down-weighted vertical (V) components for all stations and deliberately omitted fault parallel (FP) components of three stations located almost above the earthquake fault plane or its prolongation in the strike direction. For these two components forward modeling produces synthetics with almost zero amplitudes, while the faut normal (FN) component show a strong signal, having linear particle motion perpendicular to the fault strike. This is due to the radiation pattern of a predominantly strike-slip rupture along a perfectly planar fault in a 1-D medium. On the contrary, the observed data are characterized by peak amplitudes of similar magnitude for all three components and rather circular particle motions. We claim that this inconsistency between modeled and observed particle motions (and FN/FP and FN/V peak velocity ratios) can be attributed to the simplifying assumptions usually made in the modeling process, namely, a fault model that is perfectly planar, a 1-D medium with no lateral variations of the material properties and the negligence of relevant free-surface topography.
[5] Note that the small peak velocity ratios represent a more general issue as they are observed in similar settings. For example, relatively large ratio was observed during the Kobe earthquake. Irikura [1996] shows that one of the nearfault stations was characterized by large ratio between FN and V components of 8.5, while the ratio between FN and FP components was lower, 2.5.
[6] There could be many explanations for the inconsistency described above, such as presence of the fault zone, anisotropy, nonlinear soil effect, etc. In our study, which is not intended to cover a complete set of possible physical models, we rather propose and quantitatively test only three hypotheses. In particular, the first one is based on nonplanar faults. Käser and Gallovič [2008] performed a numerical study on the radiation of seismic waves from kinematic nonplanar rupture models. They showed that an increasing geometrical complexity of a rupture surface can introduce relatively strong signals at FP and V components for stations lying above a vertical strike-slip fault, which would be of zero amplitude for a perfectly planar model. As mentioned above, this is mainly a consequence of the properties of the S wave radiation pattern. In the case of the nonplanar fault, both local strike and dip angles vary along the fault and thus the seismic radiation pattern is more distorted. Let us emphasize that the 2004 M6 Parkfield earthquake represents a unique opportunity to test such effects of nonplanar ruptures to explain the observed FP and V components because of a large amount of very near fault (<1 -2 km) strong motion records (see Figure 1) .
[7] The second hypothesis is that in the real Earth the seismic waves propagate in a complex 3-D medium that distorts the source radiation pattern. We do not attribute such effects to scattering due to stochastic properties of the medium since the study is performed in a relatively low frequency band up to 1 Hz in which the seismic waves are rather affected by deterministic larger-scale 3-D variations in the crustal structure. A number of 3-D tomographical crustal models exist for the Parkfield area [Michelini and McEvilly, 1991; Eberhart-Phillips and Michael, 1993; Thurber et al., 2006] , which further favors this region for this kind of study.
[8] As a third hypothesis the free surface topography in the Parkfield area could cause signals on the theoretically zero FP and V components. The influence of free surface topography has been studied by many authors, [e.g., Bouchon, 1973; Zahradník and Urban, 1984; Geli et al., 1988; Bouchon et al., 1996] . Typically, its effect has to be analyzed for each region separately and, moreover, usually depends strongly on the frequency band of interest. Therefore, we will compare our results for the 3-D heterogeneous material including or omitting the free surface topography.
[9] To summarize, assuming frequency range up to 1 Hz we quantitatively study the effects of rupture nonplanarity, 3-D heterogeneous material and topography in terms of their ability to decrease synthetic FN/FP and FN/V peak amplitude ratios at stations lying above a vertical strike-slip fault closer to unity as observed in the Parkfield earthquake data. We start with the planar source model inverted by Liu et al. [2006] . Then, two speculative nonplanar rupture models are introduced. The slip distribution and rupture propagation of Liu et al. [2006] is transcribed on these nonplanar faults in order to have all rupture models consistent. The ground motions generated by these nonplanar earthquake source models are computed in both the 1-D medium adopted by Liu et al. [2006] and 3-D medium obtained by Thurber et al. [2006] . Finally, we show the influence of real surface topography.
[10] We compare the changes of the particle motions, synthetic seismograms, their Fourier spectra and peak velocity ratios with the real data observed during the 2004 Parkfield earthquake as a reference. We point out that we are not particularly interested in improving the fit with the observed waveforms. We rather study to what extent nonplanar fault geometries, the 3-D medium and the topography effects can distort the linear particle motions and improve FN/FP and FN/V amplitude ratios in terms of reducing them close to unity as observed in real data. In this respect, we discuss which of the model features are advisable to be taken into account in the slip inversions and strong ground motion simulations to provide realistic estimates for similar problems.
Stations and Recorded Data
[11] The 2004 M6 Parkfield earthquake was recorded by analog recorders operated by the California Geological Survey (CGS) network and digital recorders maintained by the U.S. Geological Survey (USGS) (Figure 1 ). In our study we consider only stations in a very close vicinity (<1.5 km) of the fault, which were also used in the slip inversion by Liu et al. [2006] . Thus the results are presented for 13 stations which exhibit typical features as described in the introduction and later in the text. Liu et al. [2006] used their recordings in the slip inversions after determining approximative correction to the site effects. The exceptions are stations MFU, FZ14 and COAL for which the site effect correction was not determined. Nevertheless, they were successfully used in the slip inversion. Note that some of the station components were not used in the inversion or not fitted. In particular, although FP and V components of COAL station were used in the inversion, the synthetic amplitudes are more than 20 times lower than the observed ones. FP components for stations C2W, GH1W, and FZ1 were completely omitted in the inversion for questionable polarities [Liu et al., 2006] . We note that the fit is also poor due to the station position with respect to the rupture as explained in the introduction.
[12] Processed data (velocity records) were downloaded from the US National Center for Engineering Strong Motion Data (http://www.strongmotioncenter.org/). We applied a band-pass filter in the frequency band from 0.16 to 1 Hz following the work of Liu et al. [2006] . The lower and upper limits of the filter are dictated by inaccurate instrument performance below 0.16 Hz and the inability to model deterministically the Green's functions at high frequencies, respectively.
Crustal Models and Wave Propagation Codes
[13] The Parkfield area is geologically very complex. One of its most evident features is the substantial change of material properties across the San Andreas Fault (SAF) separating different geological units, namely, sedimentary Franciscan terrain in the NE and granitic Salinian block in the SW [Brocher, 2005] . This is not surprising as the SAF has undergone several hundreds of kilometers of cumulative slip, which brings together geological units originally developed far away from each other. The SAF has been subject to intensive research. For example, the studies of the fault zone head waves treated the fault as an abrupt material interface [Ben-Zion and Malin, 1991; Ben-Zion, 1990] , while others considered the fault as a narrow (100 -150 m) transition zone capable of producing fault zone trapped waves [Li et al., 1990] . This damaged core layer (or fault zone) surrounding the fault is a low-velocity zone characterized by velocity reductions up to 40% and low Q values of $30 [Li et al., 2004] . Other investigations revealed that the structure at the SAF area is characterized by a wider ($1 km) damaged zone [Unsworth et al., 1997] containing different fault branches that are visible on the surface. This zone spreads from the main fault trace in the northeast to the southwestern fracture zone.
[14] The crustal model of the Parkfield area has been subject to a number of 3-D tomographic studies [Michelini and McEvilly, 1991; Eberhart-Phillips and Michael, 1993] . In the present paper we use the most recent model by Thurber et al. [2006] . Starting from the model of EberhartPhillips and Michael [1993] , Thurber et al. [2006] include a large number of earthquake events and active shots and present a new compressional wave speed (v p ) model with a locally increased resolution along the SAF (up to 1-2 km in the Parkfield area), particularly imaging the strong material contrast and its depth variation. As such, the model does not include the observed fault zone [Li et al., 2004] as a distinct waveguide feature which is supposedly only 100-200 m wide. The 3-D velocity model by Thurber et al. [2006] only perhaps partly images the wider damaged zone as pointed out by Lewis et al. [2007] . Nevertheless, as the lowest S wave velocity in the damaged zone can by as low as 500 m s
À1
, which corresponds to wavelengths of 500 m for our largest frequency of 1 Hz, such details are a few times below the resolution of Thurber et al.'s [2006] model (see section 3.2). With this respect, we emphasize that our study does not intend to cover an exhaustive set of all features possibly influencing the ground motions. Rather, it concentrates on distinct effects of nonplanar source models and 3-D velocity medium typically used in the ground motion modeling studies on the simulated three-component ground motions. Nevertheless, other features of the Parkfield area are presumably important and will be subject of our further study.
[15] For comparison purposes, in accordance with Liu et al. [2006] , we use also two 1-D velocity models approximating the bimaterial structure NE and SW of the fault separately. More details on the modeling are explained below.
One-Dimensional Crustal Models
[16] We adopt the two 1-D crustal models from Liu et al. [2006] shown in Table 1 to take into account the presence of different materials on the two sides of the fault. The models are derived from the 3-D models of Eberhart-Phillips and Michael [1993] and Thurber et al. [2006] .
[17] The kinematic fault model is numerically approximated by 128 Â 64 rectangular elements represented by double-couple point sources. For each source-receiver pair the Green's functions are calculated using the DWN method of Bouchon [1981] . The ground motion at a given station is then obtained by summing up contributions from all the point sources taking into account the prescribed slip history, which corresponds to the numerical evaluation of the fault surface integral in the representation theorem [Aki and Richards, 2002] . For details on the source model properties, see section 4. Note that we downsample the source model provided by Liu et al. [2006] in the electronic supplement with 260 Â 95 samples. We have tested that our resolution is sufficient and results in decreased numerical expense due to a lower number of needed Green's functions.
[18] Liu et al. [2006] determined correction amplitude factors at the Parkfield array from the 1983 M6.5 Coalinga earthquake spectra in the frequency range of 0.16 -1 Hz to approximate the site effects. Their corrected values are presented in the erratum. In order to validate our 1-D media simulations against their synthetic data we apply the same amplification factors.
Three-Dimensional Crustal Model
[19] For the simulations based on a 3-D velocity structure we use the model proposed by Thurber et al. [2006] . It is defined by values at nodes with spacing ranging from 2 to 5 km in the vicinity of the SAF. We interpolate this v p model using cubic splines and derive the shear wave speeds (v s ) and densities (r) using the empirical relations of Brocher [2005] as suggested by Thurber et al. [2006] . Explicitly, we use
where the unit of v p , v s and r are given in km s À1 and g cm À3 , respectively. We have near-surface minimum wave speeds of v p = 1.224 km s À1 and v s = 0.253 km s À1 at very localized parts of the model. Note that the rules given by Brocher [2005] have been derived only for v p > 1.5 km s À1 so we simply extrapolate the rules to lower velocities obtaining a reasonable decrease of v s velocities. Assuming our highest frequency of 1 Hz, the corresponding wavelength is of about 0.25 km. This is several times smaller than the resolution of the model by Thurber et al. [2006] . Nevertheless, we point out that this is a typical situation in the ground motion estimations. Assuming that we can at least partially approximate the site effects by using the interpolated 3-D model, we do not use the amplification factors determined by Liu et al. [2006] . Let us emphasize that the accurate knowledge of near-surface material properties is only crucial for the absolute amplitude values [Olsen et al., 2003] . This means that this effect would influence all components rather equally, so it is not a critical point for the peak amplitude ratios we are mainly interested in.
[20] The simulation of the seismic wavefield in the 3-D crustal model was carried out by the ADER-DG method Dumbser and Käser, 2006] . To this end, the computational domain of the Parkfield area was discretized by an unstructured tetrahedral mesh using roughly 1.5 million elements. The computational domain is bounded by absorbing boundaries along a prolate ellipsoid of length 100 km, width 60 km in the lateral extend and a depth of 28 km as shown in Figure 2 .
[21] In the calculations when the topography is taken into account, the top of the mesh is bounded by the free surface given by the digital elevation model of the Parkfield area. The mesh spacing is variable and ranges from 300 m at the surface in the vicinity of the source projection to the surface and the receivers locations to 4000 m toward the remaining boundaries of the computational domain. The elastic parameters inside each element are determined by the velocity model described above. Cross sections through the 3-D heterogeneous v p and v s velocity model are shown in Figure 3 . In particular, the cross sections in Figures 3a and 3c have the same along-strike location and fault-normal orientation as the one shown in Figure 3f of Thurber et al. [2006] . Similarly, the cross sections in Figures 3b and 3d have the same fault-normal location and along-strike orientation as the one shown in Figure 4b of Thurber et al. [2006] . This way, the body of high P wave velocity, as reported by Eberhart-Phillips and Michael [1993] and analyzed with respect to its importance for fault behavior by Michael and Eberhart-Phillips [1991] , is nicely visible.
[22] The approximation order of the applied ADER-DG scheme is set to 5 in time and space providing sufficient 
Source Models
[23] Here we introduce the geometrical fault models of the 2004 Parkfield earthquake considered in this paper. They are all based on the relocated aftershock distribution [Thurber et al., 2006] . In a first-order approximation the aftershocks delineate a planar fault as used by Liu et al. [2006] that we denote as the planar fault (PF) model. However, when looking at the cross sections of the aftershock distribution in SW -NE direction apparent trends can be seen, such as the opposite dipping directions of the NW and SE part of the fault [see Thurber et al., 2006, Figure 6b] . Moreover, an apparent variability of the aftershock distribution, especially in the upper part of the 2004 Parkfield rupture associated with the southwest fraction (SWF) zone [Harris and Arrowsmith, 2006; Simpson et al., 2006] , might suggest possibly even more complicated geometrical properties. Therefore, we introduce two nonplanar models, referred to as the aftershock-constrained nonplanar fault (ACNF) and the aftershock-constrained nonplanar fault with stochastic component (ACNFS), as shown in Figure 4 . In order to emphasize the effects of rupture nonplanarity on the ground motion, especially the ACNFS model is considered as maybe an extreme case just allowed by the maximum lateral extent of the aftershock distribution. We keep all three models easily comparable by keeping their kinematic properties and scalar seismic moments the same as those for the inverted PF model (see further).
Planar Fault Model
[24] In accordance with the work of Liu et al. [2006] , the geometry of the PF model is determined by fitting a plane through the Parkfield earthquake aftershocks [Thurber et al., 2006] , obtaining strike 8 = 140°and dip d = 87°. The hypocenter is located at 35.8185 N, 120.3706 W, and at a depth of 8.26 km. The fault has a length of L = 40 km and a width of W = 15 km and is buried 500 m below the surface as the surface breaks observed in the Parkfield area are considered to be secondary cracks, not direct coseismic surface rupture Simpson et al., 2006] . The RMS distance of the relocated aftershocks from this planar fault is 343 m.
[25] All the kinematic source parameters come from the inversion of strong motion records done for the same fault geometry by Liu et al. [2006] , namely, the slip values, rake angles, rise times and rupture time distributions. Figure 4a shows the PF model geometry together with the distribution of scalar seismic moment. The scalar moment distribution is determined by the inverted slip values and a depth-dependent effective rigidity m given by the formula for a source lying within a bimaterial interface [Wu and Chen, 2003] 
where m NE (z) and m SW (z) are the rigidities of the NE and SW crustal models at depth z, respectively (see Table 1 ). Note that the same scalar seismic moment distribution including the effective rigidity factors for the two separate 1-D models is used even when the 3-D model is considered. Consequently, all the models in our paper are characterized by the same scalar moment distribution. The total scalar seismic moment for the planar rupture model is 1. 20 Â 10 18 N m as shown in Table 2 . This table also shows source moment tensor parameters obtained by waveform inversions of teleseismic recordings carried out in Berkeley (0.98 Â 10 18 N m) and Harvard (1.13 Â 10 18 N m), which are in good agreement with the value used in this paper. 
Aftershock-Constrained Nonplanar Fault Model
[26] We group the aftershocks into 10 bins along the 40 km distance in the strike direction. Then we represent the local fault geometry by subplanes using a linear least squares approximation that leads to 10 subfaults of 4 km length and 15 km depth. We then connect the midpoints in strike direction of all subfaults at five equidistant depth levels together to a 10 Â 5 grid. On the basis of this coarse mesh of the fault geometry, we construct a fine mesh of 128 Â 64 point sources by cubic spline interpolation. The resulting fault model is shown in Figure 4b . The ACNF model accounts for the apparent trend in the aftershock locations; that is, the NW part seems to be characterized by an opposite dipping direction than the SE part. The RMS distance between the fault and the aftershocks is 282 m, which is lower with respect to the PF model. The strike and dip variations are determined by the fault geometry.
[27] The other kinematic parameters of the rupture process are kept the same as in the PF case. However, since the complex fault geometrical properties determine variations of strike and dip along the fault, the final seismic moment tensor of the whole ACNF model is not the same as that of the PF model. We analyze it in Table 2 , showing that it is characterized by 1.4% of a compensated linear vector dipole (CLVD) component as described by Frohlich [1994] . Also we obtain a slightly lower seismic moment. In order to keep the scalar seismic moment of the planar and nonplanar model the same, we simply multiply the results obtained for the ACNF model by the ratio of scalar seismic moments for planar and ACNF models.
Aftershock-Constrained Nonplanar Fault With Stochastic Component Model
[28] As already mentioned above, the perhaps highly damaged shallow (<5 km depth) zone at the SAF area between the San Andreas Fault trace in the east and the southwest fracture zone is only poorly known [Unsworth et al., 1997] . It presumably contains fault branches that extent to the surface, but the upper 5 km of the fault surface are very poorly constrained by aftershock distribution [see, e.g., Thurber et al., 2006] . As the aim is to investigate whether variation of strike and dip angles is able to explain the observed peak velocity ratios, we introduce another speculative model that is even more nonplanar in its upper part than the ACNF model. The ACNFS fault surface model has to be considered only as ''exploratory and suggestive,'' representing the uncertainty at shallow depth where strike and dip of SAF are poorly constrained. Note that the larger the variations of strike and dip, the more pronounced effect on ground motions.
[29] Following the work by Käser and Gallovič [2008] , we generate random geometrical deflections of the rupture surface from the ACNF model. The deflections, i.e., distances from the ACNF rupture surface, are created using a random field generator: First, random numbers are prescribed to each of the rupture elements. Then, this white noise is transformed to the spatial Fourier domain. Here the amplitude spectrum is modified by a k À3 function
where k x and k z are wave numbers in the strike and dip directions, respectively, and L x and L z are correlation lengths in the corresponding directions. The modified spectrum is then high-cut filtered just below the Nyquist wave number and Fourier transformed back to the spatial domain. Finally, the random field root mean square (RMS) responsible for the strength of the deflections is imposed.
[30] We set L x = 10 km and L z = 3.5 km and the RMS values equal to 350 m. These stochastic deflections are modified by a linear function 1-z/W, where z goes from 0 (top of the fault) to W = 15 km (bottom of the fault). In this way, the variations are less severe in the lower part of the fault, where the aftershocks tend to delineate a smoother rupture surface. The spatial variations of strike and dip due to the source geometry are computed for each rupture element by the spatial derivative of the deflection field in the strike and dip directions, respectively.
[31] Figure 4c shows the generated ACNFS model used in our modeling. Its RMS deflections, i.e., RMS of distances of the ACNFS model from the PF model, is 382 m, which roughly corresponds to RMS distance between the PF model and the relocated aftershock distribution (343 m). This means that in a loose statistical sense the deflections of ACNFS model reflect the variability of aftershock locations with respect to a mean plane. As in the previous case of the ACNF model, we keep all the remaining kinematic parameters the same as for the PF case.
[32] Table 2 shows parameters of the moment tensor of this rupture model, being again different from those of the PF and ACNF models. The CLVD component represents about 2.9% of the seismic moment and the scalar seismic moment is again slightly lower than that for the PF model. We again multiply all the synthetics obtained by this source model by the moment correction factor given by the ratio between scalar moments of the ACNFS and the PF model in order to have all three fault models consistent.
Modeling Results
[33] We simulate ground velocities with both 1-D and 3-D subsurface velocity structures and all the fault surface models. Figure 5 shows observed and synthetic horizontal [34] We emphasize that our aim is not obtaining better fit with the observed data. The observed data, when compared to the inverted model (1-D medium, PF model), serves only for illustration of the best fit that can be obtained in the current setting. This ''reference misfit'' helps when evaluating the strong or weak influence of the individual model complexities (fault nonplanarity, 3-D medium, and topography), i.e., whether the change in particle motions, waveforms, and Fourier spectra when introducing, for example, a nonplanar fault is comparable to the misfit between the observed data and the synthetics for the best fitting model or not.
Effect of the Rupture Geometry in 1-D Media
[35] Figures 5 and 6 show the modeling results in the 1-D crustal models characterizing the bimaterial Parkfield area for all the three source models in terms of the horizontal particle motion and waveforms. Note that the results for the PF model, in fact, replicate the calculations of Liu et al. [2006] for their best fitting Parkfield model that we use in this study. Therefore, the fit to the observed data is the best achievable with our actual setup.
[36] The particle motions of the observed data ( Figure 5 ) exhibit complex behavior at all distances, even very close to Note that in order to have all the models the same, we introduce the moment correction factor (ratio between the scalar moment of the planar and nonplanar rupture). the earthquake rupture. On the contrary, the synthetic particle motions have strongly linear character (perpendicular to the fault strike) especially for the very close stations. Figure 5 further shows particle motions for both the nonplanar models ACNF and ACNFS. Generally, the most geometrically complex model ACNFS provides the most nonlinear polarization, for example, at stations FZ14, COAL, GH1W or FZ15. More distant stations do not change their particle motions much when adding the fault geometrical complexity. Interestingly, only for station FZ3 the ACNF model provides more linear particle motion than the PF model. Note that only in the case of the station GH1W the nonplanar rupture causes the particle motion to have similar complex shape as what is observed in real data.
[37] Regarding the waveform comparison for the PF model (Figure 6 ), the fit is better for the FN components than for the other two. In fact, some of the FP components of particular stations (FZ1, C2W and GH1W) were not used in the slip inversion by Liu et al. [2006] . The synthetics for the stations closest to the fault, e.g., FZ14, COAL, GH1W, and FZ1 are systematically characterized by very low amplitudes at FP and V components with respect to the FN components and, especially, to the observed data. The strong amplitude differences are related to the linear polarization explained above as a consequence of radiation pattern of a planar strike-slip rupture in a 1-D medium.
[38] Figure 6 also shows the synthetics for the nonplanar source models ACNF (dashed) and ACNFS (dotted). The FN components are almost insensitive to the variations of the fault geometry, which is in agreement with the results found by Käser and Gallovič [2008] . Note that this is due to the moment correction factor that scales the synthetics to the same scalar seismic moment. On the contrary, the FP and V components are generally more sensitive to the variations of the fault geometry, however, the variations need to be relatively strong as those associated with the ACNFS model. In general, the amplitudes of the FP and V components tend to increase with an increasing complexity of the fault geometry [Käser and Gallovič, 2008] . For example, while at COAL station the synthetics for the PF and the ACNF model are almost the same, those for the ACNFS model deviate much more. Only the stations FZ14, GH1W Figure 8 . Fourier amplitude spectra of three selected seismograms shown in Figure 6 for the 1-D bimaterial medium. Figure 9 . Fourier amplitude spectra of three selected seismograms shown in Figure 7 for the 3-D heterogeneous medium. and FZ15 are characterized by a strong sensitivity even to the relatively small geometrical variations of the ACNF model. Nevertheless, the peak amplitude values still do not reach the observed ones.
[39] We point out that, generally, the nonplanar source models do not provide a better fit with the observed data on the FP and Z components. Station GH1W is the only exception, for which the nonplanar models, especially ACNF, lead to a better fit of the observed data at FP and V components. Nevertheless, the sensitivity of the stations to the geometrical variations of the fault is predominantly determined by the proximity of the station to strong local changes in the fault geometry. Let us emphasize that our aim was not to optimize the fault geometry to obtain a better fit of the observed waveforms. We rather recognize that at most of the stations the geometrical variations are not even strong enough to increase the synthesized amplitudes in such a way that their peaks would be more balanced among all station components as it is seen in observed data (see further). This is due to the fact that the particle motions are still too linear (see Figure 5 ).
[40] Figure 8 displays examples of the amplitude Fourier spectra for three closest stations for the 1-D velocity structure and the three source models. As before, the fit for the PF model (solid black) with observed data (solid gray) is the same as obtained by Liu et al. [2006] . The fit of the FN components is relatively good, while for the other components the synthetic amplitudes are much lower than the observed ones. Regarding the effect of fault nonplanarity on the spectra, we can see almost no difference at FN component with respect to the PF model, which is in agreement with our observation in the time domain. On the contrary, the other components are affected in the whole frequency range, which agrees with the finding by Käser and Gallovič [2008] .
[41] Generally speaking, larger geometrical variations, i.e., the ACNFS (dotted line) with respect to the ACNF (dashed line) model, produce higher amplitudes in the Fourier domain. Nevertheless, the fault nonplanarity does not amplify the amplitudes sufficiently to fit the observed ones.
Effect of the Rupture Geometry in the 3-D Heterogeneous Medium
[42] Figure 5 shows the resulting particle motions for all the three source models computed assuming a heterogeneous 3-D velocity model. Only for stations FZ14 and C2W the PF model provides a linear particle motion. For the other stations (especially when compared with the results for the 1-D medium), the particle motions are relatively complex, being more similar to the observed ones. When adding the geometrical complexity by assuming source models ACNF and ACNFS, one can see that, contrarily to the modeling in the 1-D media, the basic character of the particle motions does not change much. Only at stations MFU, COAL, GH1W and FZ4 the particle motions become more elliptical.
[43] Figure 7 shows, similar to Figure 6 , the synthetics for all the source models in the 3-D medium and the recorded data as a reference. As already observed for the particle motions, the synthetics are less sensitive to the variations of the fault geometry. Perhaps the only exception are the FP components at stations MFU, GH1W and FZ4. Therefore, in the following we will discuss mainly the results for the PF model since the statements also (or even more) hold for the nonplanar models ACNF and ACNFS.
[44] One can see that the fit between the simulated data and the observed data for the 3-D medium is generally worse than in Figure 6 for the 1-D media. Almost all the synthetics are characterized by smaller amplitudes and similar duration on the FN components. However, the amplitudes at the FP and V components are generally larger, which results in a better balance between the three components. The fact that the 3-D medium provides smaller amplitudes than the 1-D model can be surprising because typically including a 3-D crustal structure with low velocities under the surface results in amplified synthetic ground motion [e.g., Frankel, 1993; Yomogida and Etgen, 1993] . However, such crustal models contain basin-like structures, in which the ground motions are amplified by soft sediments and by constructive interference of waves trapped inside the basin. Our 3-D velocity model does not represent a basinlike structure but is characterized by strong velocity gradients in both vertical and horizontal directions. There are also near-surface low-velocity zones that can trap the energy and enhance the ground shaking. Our 3-D structural model also does not contain any discontinuities in wave velocities so that there are only weak refractions from the velocity gradients. Nevertheless, the 3-D structure seems to distribute the radiated energy more equally among the three components of motion, not preserving the linear polarization at the near-fault stations.
[45] Although the peak amplitudes at the FN components are smaller than those obtained for the 1-D medium, the waveforms themselves are similar to the observed ones. This amplitude difference cannot be simply explained by the small seismic moment of our source model (being linearly related to the synthetics), because it is already very close to that published by world agencies (see Table 2 ). The slip model would be quite different if the slip inversion was done assuming a more realistic 3-D velocity structure.
[46] As an example, Figure 9 shows for three stations the Fourier spectra corresponding to the time histories displayed in Figure 7 . Generally, all the velocity components are not affected much by the fault nonplanarity. If we compare the overall shape of these spectra with respect to the spectra obtained for the 1-D media (Figure 8 ), they are characterized by very similar shapes especially for the FN component. However, the absolute level is smaller for the 3-D case.
Effect of Surface Topography
[47] Similar to the 3-D medium, the surface topography could produce the strong signals on the FP and V components which are not obtained by simplified models that do not incorporate the surface topography. Therefore, we compute synthetic ground motion taking into account the surface topography as given by a high-resolution digital elevation model [Farr et al., 2007] . Because of the tetrahedral discretization of the computational domain, the mesh can be adapted to the topography using a surface triangulation with linear triangular element faces. We use again the velocity structure of Thurber et al. [2006] . However, as it is given only for a flat model surface we modify it in a way that the depth does not refer to an absolute depth but to a depth below the surface. Different approaches to combine heterogeneous 3-D velocity models with real topography have been studied by Ma et al. [2007] or Aagaard et al. [2008] .
[48] The results including the topography show only very small differences compared to the flat model, suggesting that the topography in the Parkfield area has little influence on the signals, at least in the frequency band 0.16-1 Hz used in our study. The most obvious effects are phase shifts due to the differences in station elevations when using the topographic model. However, the waveforms, amplitudes and spectra remain almost unchanged (not shown here). Therefore, in the following, we discuss only the influence of the topography on the peak amplitudes and its effects on the ratio between the FN, FP and V components.
Ratios of Peak Velocity Amplitudes
[49] As stated before, modeling in 1-D media with the PF model provides reasonable good fits at the FN components, while for some stations we are not able to explain the large amplitudes in the observed data at the FP and V components (C1E, FZ14, COAL, GH1W and FZ1).
[50] Peak velocity ratios of FN to FP and FN to V components are shown in Figure 10 for all the selected 13 stations. Note that these amplitude ratios correspond to the ratios between maximum heights and widths of the horizontal or vertical particle motions. Note that the observed data give typically ratios around 1 -2 for the FN/FP ratio and about 4 for the FN/V ratio. Table 3 shows mean rootmean-square (RMS) errors between the observed and synthetic peak velocity ratios (computed from the logarithmic values) over all 13 selected stations for all the considered models.
[51] As already discussed above, there is a clearly visible large discrepancy between observed and synthetic ratios for the combination of the 1-D medium and the PF model (Figure 10, top) . For example, at FZ14, COAL and FZ1 stations the FN/FP or FN/V ratio values are close to 30 or 40, respectively. For other stations this discrepancy is less but typically exceeds by far the observed ratios. The mean RMS error (from logarithmic values) is 1.54 and 1.29 for FN/FP and FN/V ratios, respectively (see Table 3 ).
[52] Figure 10 (top) further shows results for both the nonplanar faults in the 1-D medium. In general, introducing a larger degree of geometrical complexity of the source decreases the ratios and brings them closer to the observed values. This can be also seen from the decreased RMS values for the nonplanar models with respect to the PF model (Table 3) . This general tendency is violated for station FZ3, for which the use of nonplanar models results in even larger ratio than the PF model. Although the ratios decrease for the nonplanar models, for stations such as COAL and FZ1 even the strongly deformed ACNFS model does not provide ratios as low as the observed ones.
[53] In the case of the 3-D medium (Figure 10 , middle), synthetic ratios hold generally lower values than for the 1-D medium for all stations. This is manifested also by lower mean RMS values in Table 3 , 0.88 and 0.82 for FN/FP and FN/V ratios, respectively. Nevertheless, stations FZ14 and FZ1 are still characterized by a strong discrepancy with the observed ratios.
[54] The increasing complexity of the fault geometry in the 3-D medium has only a minor influence on the peak ratios with respect to the PF model (see also velocity seismograms in Figure 7) . Only for the above mentioned stations FZ14 and FZ1 the ratios considerably decrease when considering nonplanar faults. Thus the mean RMS decreases also even more with respect to the PF model for the 3-D medium.
[55] Let us recall that the results for the 3-D medium provide generally a worse fit with the observed data than that for the 1-D medium for which the source model with its particular slip distribution was originally determined. In particular, the FN component waveforms obtained for the 3-D medium are characterized by smaller absolute amplitudes with respect to those obtained for 1-D medium (compare Figures 6 and 7) . On the other hand, the FP and V components are larger or at least similar, which causes that the FN/FP and FN/V ratios are reduced to values closer to the observed peak ratios, and the particle motions are more circular as observed for the real data ( Figure 5 ).
[56] Finally, the introduction of the free surface topography and its effect on the peak velocity ratios is shown in Figure 10 (bottom). It leads to only little change of the FN/FP and FN/V ratios as can be seen also from the mean RMS values in Table 3 . In particular, the topography effect slightly reduces ratios of the problematic stations FZ14 and FZ1. However, it is clear from Figure 10 (bottom) that the topography has a much weaker effect on the amplitudes than the variation of the fault surface geometry or especially the choice of velocity structure (see also Table 3 ).
Discussion
[57] Observed near-fault ground motions are characterized by features, which can hardly be explained by simplified models. Here, we study in particular the distribution of ground motions on horizontal and vertical components in a relatively low-frequency range (<1 Hz) for stations lying basically above the earthquake rupture. As we show on the example of the 2004 Parkfield earthquake recordings, the amplitudes observed at fault-normal (FN), fault-parallel (FP), and vertical (V) components are almost the same with complex (nonlinear) particle motions. On the other hand, simulations utilizing a planar source model (although with complex rupture evolution) and 1-D medium result in synthetics having typically a linear polarization perpendicular to the fault. Theoretically, this can be explained as a consequence of the properties of the radiation pattern. As simulations of near-fault ground motions are of interest for seismic engineers, we study certain model features that have to be considered in the modeling to provide more realistic ground motion estimates. In particular, we pay attention to the use of nonplanar rupture geometry, 3-D crustal model and free surface topography. Amongst others, as mentioned later, these three factors are capable of generating signals at the FP and V components but with different significance.
[58] We introduce three speculative fault models of increasing geometrical complexity, approximating the relocated aftershock distribution [Thurber et al., 2006] : one is a perfectly planar fault (PF) as proposed by Liu et al. [2006] , whereas the others are obtained by a piecewise interpolation of aftershock hypocenter locations; the aftershock-constrained nonplanar fault (ACNF) and the aftershock-constrained nonplanar fault with stochastic component (ACNFS). As regards the crustal model, we use both 1-D models and a 3-D velocity structure based on the model proposed by Thurber et al. [2006] . In both velocity structures we apply the different rupture models that all obey the same kinematic properties obtained from the slip inversion by Liu et al. [2006] . Finally, we incorporate the surface topography of the Parkfield region given by a digital elevation model.
[59] The effect of the kinematic nonplanar faults on the seismograms is rather small compared to the influence of the different velocity models. Interestingly, the effect of the Figure 10 . Results in terms of peak ground velocity (PGV) ratios for (top) the 1-D medium without topography, (middle) the 3-D medium excluding topography, and (bottom) the 3-D medium including topography. rupture plane geometry is even smaller for the 3-D structure than for the 1-D one. The generally small effect of the rupture nonplanarity is due to the fact that the geometrical complexity of the fault models stays in reasonable limits given by the relatively small diffusion of the aftershocks that are assumed to delineate the rupture surface. The Parkfield area is a part of the San Andreas Fault, which, being seismically active for perhaps millions of years, has accommodated very long slip and is, therefore, relatively smooth especially in the strike direction. If a geometrically more complex rupture plane was taken into account, its sole geometry effect on the ground motion could be more severe [Käser and Gallovič, 2008] . However, in our opinion this would not be justifiable for the Parkfield fault.
[60] In general, mainly the fault parallel (FP) and vertical (V) components are affected by the nonplanarity of the fault. This supports the possibility to use only the FN components of stations lying almost above the fault in a slip inversion since they are less affected by the fault geometry.
[61] Figure 10 shows that for the 2004 Parkfield earthquake the 3-D velocity structure reduces the large amplitude differences obtained for a perfectly planar fault in a 1-D medium more than the increase of the fault nonplanarity. Therefore, we claim that highly accurate 3-D velocity structures are always crucial when modeling the ground motions close to the fault, especially on the FP and V components. In particular, local low-velocity structures near the surface and right below a station as well as local fault zone properties can strongly influence the wave amplitudes [see, e.g., Jahnke et al., 2002; Olsen et al., 2003; Peng et al., 2000; Li et al., 2004] .
[62] Finally, we find that the effect of the free surface topography for the 2004 Parkfield earthquake is insignificant, regarding the stations of interest right above the fault and a frequency band of 0.16-1 Hz.
[63] Note that none of the models is successful in explaining the long duration of the observed records. This suggests that the Thurber et al. 's [2006] 3-D velocity model is missing a distinct fault zone that might generate resonant oscillation giving rise to the late arrivals [see, e.g., Igel et al., 1997; Hough et al., 1994; Ben-Zion, 1998 ]. However, the fault zones are usually associated with a very low Q factor that might suppress large amplitudes in coda of the synthetics. Another possible interpretation for the high amplitudes of late arrivals in some of the observed seismograms could be a strong back-scattering from other heterogeneities that are not resolved in Thurber et al.'s 3-D model. Therefore, we emphasize the importance of an additional study that will include a refined 3D model including the fault zone effects and/or the scatterers in detail to resolve this issue. Note also that such a model has to be very inhomogeneous since not all stations exhibit the strong late arrivals.
Conclusions
[64] In summary, our results show that a more realistic balance of the peak velocity amplitudes in the FN, FP and V components for near-fault stations are obtained when a 3-D heterogeneous velocity structure is taken into account although the 3-D model is still relatively smooth and does not include the fault zone. The effect of an increasing geometrical complexity of the rupture geometry is less important in our setting. However, its use can still lead to more realistic peak velocity ratios especially when considered together with a simple 1-D medium. The influence of the topography (in addition to a 3-D structural model) is of less significance, for the considered low-frequency band (up to 1 Hz).
[65] Our study suggests the FN components would be used in the slip inversion as they show stable features. Generally, amplitudes of our synthetic FN components in 3-D velocity structure are smaller than the other components, but their waveforms (in time and frequency domain) remain similar in the case of the 3-D or 1-D velocity model. The FP and V components seem to be more affected by the 3-D model, and, therefore, show a higher sensitivity to the quality of the 3-D model. Thus, features in the FP and V components are less robust when used in the inversion process where the velocity structure is uncertain. Furthermore, all components show a higher sensitivity to the velocity structure than to the fault geometry variations. Therefore, we support the suggestion by Kim and Dreger [2008] to exclude at least the FP and V components of the closest stations in the slip inversion due to their strong sensitivity to the quality of the Green's functions. To avoid the unrealistic linear polarization of the particle motions obtained from 1-D velocity models in combination with the planar fault, we strongly suggest using a well-constrained 3-D velocity model if available as it seems to be more important than the fault geometry.
[66] We emphasize that we used only a limited frequency range (up to 1 Hz). Some of the conclusions could also be true for high-frequency motion but they would have to be appropriately tested. Moreover, this is also not a complete study of all possible effects that could influence the ground motions. The existence of a fault zone structure is one of the most important effects to consider in further investigations. Furthermore, directional site effects [Bonamassa and Vidale, 1991] , medium anisotropy [Cochran et al., 2006] , or nonlinear behavior [Bataille and Calisto, 2008; Karabulut and Bouchon, 2007; Wu and Chen, 2009] might also contribute to better explain the observed data. 
